Introduction
============

Developing a colon-specific drug delivery system (CDDS) has garnered significant attention, owing to the distinct characteristics of the colon, such as neutral pH, longer transit time, reduced digestive enzymatic activity, and a greater responsiveness to absorption enhancers.[@b1-dddt-11-045] A CDDS possesses practical implications for the treatment of bowel diseases, such as Crohn's disease, ulcerative colitis, and colon cancer, and the systemic delivery of protein and peptide drugs that are labile and poorly absorbed in the gastrointestinal tract.[@b2-dddt-11-045]

Various approaches for targeting drugs to the colon have been widely investigated, including the pH-sensitive polymer-based system, the time-dependent system, and the pressure-dependent release system.[@b3-dddt-11-045]--[@b5-dddt-11-045] However, the similarity in pH between the small intestine and colon and high variations in gastrointestinal retention time rendered the aforementioned approaches less reliable for colon targeting.[@b6-dddt-11-045] In contrast, the colonic microflora-activated system has been considered as an alternative approach, since this strategy exploits the distinctive colonic characteristic of abrupt increase in bacterial population and associated enzyme activities, thus accomplishing greater site specificity of drug release.[@b7-dddt-11-045],[@b8-dddt-11-045] The microflora population of the colon is normally in the range of 10^11^--10^12^ CFU/mL, while that of the intestine is fewer than 10^3^--10^4^ CFU/mL.[@b9-dddt-11-045] The use of polysaccharides that are biodegraded by colonic microflora could result in comparatively safer and more effective delivery of drugs to the colon.[@b9-dddt-11-045],[@b10-dddt-11-045]

Chitosan (CTN) has been evaluated and reported to possess the highest potential as a biodegradable polymer and has been formulated in several dosage forms, such as capsules, matrices, hydrogels, and microparticles.[@b11-dddt-11-045]--[@b16-dddt-11-045] It is completely digested by the colonic microflora and is highly stable, safe, nontoxic, and inexpensive.[@b17-dddt-11-045] However, the utilization of CTN has been limited because of its unfavorable properties. For example, it is solubilized in acidic pH and easily digested by lysozymes, nonspecific cellulases, and enzymes secreted by intestinal bacteria.[@b18-dddt-11-045],[@b19-dddt-11-045] Enteric coating with hydroxypropyl methylcellulose phthalate and Eudragit^®^ RS has been efficiently employed to avoid undesirable exposure to these conditions, representing bifunctional release characteristics, ie, time-dependent and site-specific.[@b11-dddt-11-045],[@b17-dddt-11-045] In addition, several trials to modulate microflora activation have been attempted. Polyelectrolyte complexes composed of pectin and CTN improved vancomycin availability at alkaline pH in the presence of β-glucosidase by enzyme-dependent degradation.[@b20-dddt-11-045] A multiparticulate system of CTN hydrogel beads was shown to be degraded by rat cecal and colonic enzymes, resulting in a marked acceleration in the release of the model protein.[@b15-dddt-11-045]

In the present study, as a novel platform, a double layer-coated CDDS (DL-CDDS) was developed, consisting of a CTN-dispersed polymeric subcoating of the core tablet containing citric acid (CA) as an acidifying agent, followed by an enteric coating. Loxoprofen sodium (LXP) was used as a model drug, and the polymeric composition for the subcoating layer was optimized. [Figure 1](#f1-dddt-11-045){ref-type="fig"} shows a stepwise schematic representation of LXP release from the DL-CDDS. Drug-release characteristics were evaluated in various dissolution media, including simulated colonic fluid (SCF), in the presence or absence of chitosanase (CTNase). Dissolution efficiency (DE) and controlled-release duration (CRD) were used for further evaluation.

Materials and methods
=====================

Materials
---------

LXP was purchased from Kolon Life Science Inc (Gwacheon, South Korea). CTN (deacetylation degree 93%) was purchased from Boao Bioscience (Huazhou, China). CA was purchased from Samchun Chemical Co (Pyeongtaek, South Korea). Ethyl cellulose (EC; Aqualon™ N7, 7 cP, 48%--49.5% ethoxyl substitution) was purchased from Ashland (Lexington, KY, USA). Eudragit E100 (EE), Eudragit L100-55 (EL), and colloidal silicon dioxide were supplied by Evonik (Essen, Germany). Triethyl citrate was purchased from Morimura Bros (Tokyo, Japan). Talc was obtained from Nippon Talc (Osaka, Japan). Hydrated lactose was obtained from DFE Pharma (Goch, Germany). Low-substituted hydroxypropyl cellulose (L-HPC) was obtained from Shin-Etsu (Tokyo, Japan). Polyvinylpyrrolidone K30 was supplied by BASF (Ludwigshafen, Germany). Croscarmellose sodium was supplied by JRS Pharma (Rosenberg, Germany). Magnesium stearate was purchased from FACI (Genoa, Italy). Recombinant CTNase (OHK, 5,000 units/g) was purchased from Kyowa Chemical Industry (Sakaide, Japan). Ethanol and methylene chloride were purchased from Duksan Chemical Co (Ansan, South Korea). Other reagents were of reagent grade and used as received from commercial sources.

Preparation of DL-CDDS tablets
------------------------------

### Preparation of core tablets

The core tablets were prepared using a conventional wet-granulation and direct-compression method. For wet granulation, LXP was dried at 90°C using a desiccator (Thermo Fisher Scientific, Waltham, MA, USA) and premixed with lactose hydrate and L-HPC as diluent and lubricant, respectively, using a V-mixer (VB-3; Erweka GmbH, Heusenstamm, Germany) for 5 minutes with or without CA. The resultant powder mixture was mixed with polyvinylpyrrolidone K30 solution (25% w/w in ethanol) as a binder, and a damp mass was granulated manually using a high-speed mixer (Xena-II, Raonxena, Shiheung, South Korea). The granules were dried in an oven at 60°C for 3 hours and passed through a 20-mesh sieve. For direct compression, the prepared granules were mixed with croscarmellose sodium, colloidal silicon dioxide, and magnesium stearate using a cube mixer for 5 minutes. The resultant powder mixture was compressed into tablets on a single-punch tablet machine at compression force 2 kN using 8.92 mm normal circular concave punches.

### Physical properties of core tablets

Physical testing of core tablets was performed after a relaxation period of at least 24 hours. Weight-variation tests were performed with 20 individually weighed tablets using a balance (XS603S analytical balance; Mettler-Toledo, Columbus, OH, USA). The thickness and diameter of ten tablets were measured individually using Vernier calipers (CD-15APX; Mitutoyo, Kawasaki, Japan). Crushing strength was determined using a hardness tester (PTB111E; Pharma Test, Hainburg, Germany). Tablet friability was calculated as the percentage of weight loss (4 minutes, 25 rpm, 20 tablets) using a "friabilator" (PTF 20E; Pharma Test). Separately, to determine drug content by high-performance liquid chromatography (HPLC) assay, 20 tablets were weighed individually, crushed into a fine powder, and combined to give a sample containing 60 mg of LXP. The powdered sample was extracted with water, and the solution was filtered through a membrane filter (0.45 µm) prior to injection into the column.

### CTN-dispersed subcoating

The core tablets were film-coated with CTN-dispersed polymeric coating solution using an Accela coater (Thomas Engineering, Hoffman Estates, IL, USA). A coating solution of an ethanol--methylene chloride mixture (6:4, v:v) was sprayed onto the core drug tablets at a flow rate of 12 mL/min; rotation speed was adjusted to 12 rpm with an inlet air temperature of 50°C, an outlet air temperature of 40°C, and an atomizing air pressure of 1.5 kgf/cm^2^. The coating solution contained the coating agents (10%, w/w) CTN, triethyl citrate, talc, and polymers. As a polymer, EE alone or a combination of EE and EC was used, designated as CTN/EE subcoating or CTN/EE/EC subcoating, respectively. The compositions are listed in [Table 1](#t1-dddt-11-045){ref-type="table"}.

### Enteric coating

After the subcoating, the tablets were subjected to enteric coating under the same conditions as described for subcoating, except for the inlet and outlet temperatures, which were altered to 45°C and 35°C, respectively. The coating solution contained the coating agents (10%, w/w) EL, triethyl citrate, and talc (6:0.5:1 in weight ratio). The amount of enteric coating used was fixed at 6% of the core tablet's weight.

### In vitro dissolution test

Dissolution tests were performed with USP Apparatus 1 using a dissolution tester (VK7025; Agilent Technologies, Santa Clara, CA, USA) for 24 hours, as described in the literature.[@b19-dddt-11-045] The revolution speed of paddles and the volume of dissolution medium were set to 100 rpm and 900 mL, respectively, at 37°C±0.5°C. As soon as the dissolution test started, an equivalent of 60 mg of LXP was introduced into the dissolution medium. Drug-release studies were initially performed in pH 1.2 simulated gastric fluid (SGF) for 2 hours, which was then replaced with pH 7.4 simulated intestinal fluid (SIF) for the next 3 hours. Finally, pH 6.8 SCF was used for the following 19 hours. SGF was prepared by dissolving 2 g of sodium chloride in 7 mL of 0.1 M hydrochloric acid and diluting with distilled water to a volume of 1,000 mL. SIF was prepared by dissolving 9.6 g of Dulbecco's phosphate-buffered saline (Sigma-Aldrich, St Louis, MO, USA) in 1,000 mL of distilled water. SCF was prepared by mixing 250 mL of 0.2 M potassium phosphate monobasic solution and 118 mL of 0.2 M sodium hydroxide solution, and diluting with distilled water to a volume of 1,000 mL. Separately, to mimic the colonic microflora environment, CTNase (20 mg) was added as an enzyme to one batch of SCF (900 mL), designated as CTNase-supplemented SCF (CTNase-SCF). At predetermined sampling points, 5 mL of the sample was taken and filtered through a membrane filter (0.45 µm, polyvinylidene difluoride, SmartPor^®^). The filtrate was diluted with the same volume of methanol prior to analysis. The amount of dissolved LXP in each sample was determined by HPLC.

HPLC analysis of LXP
--------------------

The concentrations of LXP were determined by HPLC. The HPLC systems consisted of a pump (W2690/5; Waters Corp., Milford, MA, USA), ultraviolet detector (W2489, Waters Corp.), and a data station (Empower 3; Waters Corp.). Chromatographic separation was performed using a Kromasil 100-5-C18 column (150×4.6 mm, 5 µm; AkzoNobel, Bohus, Sweden) at a flow rate of 1 mL/min at 40°C. The mobile phase consisted of methanol, water, acetic anhydride, and trimethylamine (600:400:1:1 in volume ratio). Of each sample, 10 µL was injected into the column, and ultraviolet detection was performed at 222 nm.

Comparison of in vitro dissolution data
---------------------------------------

For comparison of dissolution profiles, model-independent analyses based on DE in the colon (DE~colon~) and CRD in the colon (CRD~colon~) were conducted.

### DE~colon~

The area under the dissolution curve was calculated by the trapezoidal rule, as reported elsewhere.[@b21-dddt-11-045],[@b22-dddt-11-045] DE~colon~ was defined as a percentage of area under the curve for the specified time period (from 5 hours to 24 hours) against the rectangular area, representing 100% dissolution. To observe the effect of CTNase on dissolution, DE~colon~ values measured in both CTNase-SCF medium and CTNase-free SCF medium were compared.

### CRD~colon~

To compare the controlled-release property of various DL-CDDS formulations, CRD was used to evaluate time periods required to reach 90% of the cumulative amount of drug released at the terminal time point (24 hours). CRD~colon~ was observed and measured in CTNase-SCF medium, which simulated the colonic microflora activation.

Design of the experiments
-------------------------

CTN/EE subcoating was further modified with EC addition to control drug release. A two-level factorial design (2-LFD) was built up for optimizing subcoating composition using (version 15; Minitab Inc., State College, PA, USA). A typical 2-LFD is displayed in [Table 2](#t2-dddt-11-045){ref-type="table"}. The study design involved the investigation of the effect of two independent variables: polymer composition (X~1~; wt%), studied by changing the polymer ratio of EE:EC at low level (1:2) and high level (2:1), added center points (1:1), and the amount of subcoating (X~2~; mg), studied at 7.5, 18.75, and 30 mg. The dependent variables surveyed were DE~colon~ (SCF) (Y~1~), DE~colon~ (CTNase-SCF) (Y~2~), and CRD~colon~ (Y~3~). To analyze the factorial design, the original measurement units for the experimental factors (uncoded units) were transformed into coded units. The factor levels were coded as −1 (low), 0 (center), and 1 (high). A full 2×2 design was generated by setting the number of replicates for corner points as three and the number of center points per block as three, subsequently resulting in 15 runs in total.

Statistical analyses
--------------------

All data are expressed as mean ± standard deviation. Statistical significance was verified using Student's *t*-test, and differences were considered significant at *P*\<0.05, unless otherwise indicated.

Results and discussion
======================

Core tablet formulation
-----------------------

The core tablets prepared were classified into two categories, based on the presence or absence of CA as an acidifying agent: CA-free tablets (CA0) and CA-added tablets (15 mg \[CA15\] and 30 mg \[CA30\]). Tablets were prepared successfully by the conventional procedure, and the physical properties of core tablets are summarized in [Table 3](#t3-dddt-11-045){ref-type="table"}. Drug content was in the range of 99.96%--100.32%. Weight variation was within 2% of the total weight. Hardness was in the range of 7.7--8.4 kg/cm^2^. The inclusion of CA did not alter the tablets' physical properties. All the core tablets were suitable for a further coating process, since friability was in the range of 0.08%--0.11%. Weight loss of less than 1% in the friability test is generally acceptable.[@b23-dddt-11-045]

Degree of enteric coating
-------------------------

To find a sufficient degree of enteric coating, core tablets were film-coated with different amounts of a water-insoluble polymer. EL is usually used as a pH-dependent coating polymer that dissolves at over pH 5.5.[@b24-dddt-11-045] [Figure 2A](#f2-dddt-11-045){ref-type="fig"} shows the dissolution profiles of uncoated and enterically coated CA0 tablets. Enterically coated CA0 tablets revealed a very low level of dissolution in SGF for a 2-hour period, while uncoated CA0 tablets displayed rapid dissolution of up to about 100% for the initial period of 30 minutes. After 2 hours, regardless of the amount of enteric coating, all enterically coated CA0 tablets showed a dissolution level of about 100% in SIF. In addition, enterically coated CA15 and CA30 tablets represented the same pattern in acid resistibility (data not shown). Liu et al[@b8-dddt-11-045] reported that the thickness of enteric coating from 5% to 10% in weight ratio led to insignificant differences in drug-release profiles of a CDDS. Although mean gastric emptying time was reported as approximately 2 hours on average, the high variation in gastric retention time in the human population can affect the acid resistibility of enteric coating.[@b25-dddt-11-045] Therefore, to ensure full protection, the highest level of 6% enteric coating was selected for further experiments.

CTN-dispersed EE coating (CTN/EE subcoating)
--------------------------------------------

The core tablets were coated with CTN/EE to retard drug release in SIF and to control drug release in SCF. [Figure 2B](#f2-dddt-11-045){ref-type="fig"} illustrates the LXP-dissolution profiles of various CA-free DL-CDDSs with different amounts of CTN/EE subcoating. During 5 hours in SGF and SIF media, drug release was not observed, although CA0-CTN3/EE7 containing the lowest amount of EE showed drug release to a lesser extent. After 5 hours in SCF medium, rapid release was observed at a sufficient rate, reaching a plateau at 100%. However, the time to reach the plateau was dependent on the amount of subcoating and composition, ie, initiation of drug release was delayed as the amount of subcoating and ratio of EE content increased: 5--8 hours for 15 mg subcoating versus 16--20 hours for 30 mg subcoating; when arranged by length of delay of drug release, the order was EE7 \< EE9 \< EE10 \< EE15 \< EE18 \< EE21. For the CA-free DL-CDDS, the content of CTN would not have been a key factor in controlling drug release because the acidifying process was not involved. In contrast, EE contents could have played a major role in release control. This result is consistent with an earlier report that higher amounts of coating containing EE reduced permeability of EE, resulting in the inhibition of water infiltration into the core tablet.[@b26-dddt-11-045]

Meanwhile, to modify the release pattern, CA was included in the core tablet as an acidifying agent. As illustrated in [Figure 1](#f1-dddt-11-045){ref-type="fig"} (step C), CA decreased the microenvironmental pH of the subcoating layer and dissolved CTN, thus facilitating drug release through micropore generation. Drug = release profiles from CA-added DL-CDDS are depicted in [Figure 2C](#f2-dddt-11-045){ref-type="fig"}. Two types of DL-CDDS (CTN3/EE18 and CTN6/EE15) were investigated for further comparison by varying the amount of CA: 15 mg added versus 30 mg added. With regard to SCF, the initiation of drug release was dependent not only on EE and CTN content but also on the amount of CA included. Doubling the amount of CA moved the release curve to the left by about 5 hours, indicating earlier initiation of drug release. Therefore, we suggest that drug release from a DL-CDDS might be controlled by the microclimate-acidification process via dissolution of CTN in the subcoating layer.

Microflora activation by CTNase
-------------------------------

CTNase was added to SCF medium to simulate a colonic microflora environment, and dissolution studies were separately performed for the same DL-CDDS. The human colon has an ecologically diverse environment containing over 400 distinct species of bacteria.[@b27-dddt-11-045] Tozaki et al[@b11-dddt-11-045],[@b13-dddt-11-045] reported that CTN could be degraded by rat cecal contents, which are known to contain various microorganisms, due to CTNase secreted by them. In this study, the level of CTNase was maintained at 0.1 units/mL. As shown in [Figure 2C](#f2-dddt-11-045){ref-type="fig"}, the initiation of drug release in CTNase-SCF medium (closed symbols) was earlier than in SCF (open symbols). This proved the involvement of microflora activation for drug release. As illustrated in [Figure 1](#f1-dddt-11-045){ref-type="fig"} (step D), under conditions displayed by the microflora, such as CTNase, digestion of CTN took place by enzyme attack, followed by the generation of microporous channels to facilitate drug diffusion through the layer of polymeric subcoating. This kind of drug release mechanism has been reported in numerous studies.[@b13-dddt-11-045],[@b28-dddt-11-045] CTNase hydrolyzes partially acetylated CTN, in which the reducing- and nonreducing-end residues are *N*-acetyl-glucosamine (GlcNAc) and glucosamine (GlcN), respectively, resulting in the endohydrolysis of β-1,4-glycosidic linkage GlcNAc--GlcN in addition to GlcN--GlcN.[@b29-dddt-11-045] When CTN--polymer conjugates were incubated with CTNase for 1 hour, complete hydrolysis of CTN into monomers, dimers, and oligomers was accomplished.[@b30-dddt-11-045]

For further comparison, the effect of the CTN/EE content and the amount of CA on drug release was analyzed in terms of DE~colon~ in the medium of either SCF or CTNase-SCF ([Figure 3](#f3-dddt-11-045){ref-type="fig"}). As a whole, DE~colon~ was greatly influenced by the amount of CA and CTN, but independent of the total CTN/EE contents. The formulation CA0-CTN0/EE21 that was coated with EE only showed a poor DE~colon~ of approximately 10% in both media. However, by increasing CTN content in this formulation, as in the case of CA0-CTN3/EE18 and CA0-CTN6/EE15, DE~colon~ was improved to 20%--30% and 45%--60% in SCF and CTNase-SCF media, respectively. In comparison, CA-added formulations (CA15 and CA30) showed DE~colon~ values of more than 60% in all conditions. Unlike the CA30 series, which showed no difference between SCF and CTNase-SCF media-based dissolution, the CA15 series showed a significant difference (*P*\<0.05), indicating a dependence on the microflora environment. Based on the difference in DE~colon~ values of formulations based in the two different media, which suggested a significant role for microflora activation in drug release, CA15-CTN3/EE18 was selected for further experiments.

Modification of CTN/EE coating with EC (CTN/EE/EC subcoating)
-------------------------------------------------------------

### Application of 2-LFD

As shown in [Figure 2B and C](#f2-dddt-11-045){ref-type="fig"}, all DL-CDDSs with CTN/EE subcoating showed a steep sigmoidal curve, indicating rapid drug release once the release was initiated. This pattern was the same in both SCF and CTNase-SCF media, which is undesirable for controlled release for colon targeting. A controlled-release system can reduce dosing frequency and decrease adverse events by providing a reduced maximum concentration, thus resulting in a greater fraction of the drug being delivered to the colon.[@b31-dddt-11-045] To fulfill this ideal property, the CTN/EE subcoating layer was further modified with EC, which acts as a hydrophobic release retardant, and the resulting design was designated as CTN/EE/EC subcoating. EC is a water-insoluble polymer used extensively as coating material for the preparation of matrix-type controlled-release tablets.[@b32-dddt-11-045],[@b33-dddt-11-045] Response variables of DE~colon~ (SCF) (Y~1~), DE~colon~ (CTNase-SCF) (Y~2~), and CRD~colon~ (Y~3~) play a key role in determining the microflora-activated and controlled-release drug delivery. As a result, for the 15 experimental runs, Y~1~, Y~2~, and Y~3~ were 0.5%--96.2%, 2.7%--100%, and 11.8--18.8 hours, respectively ([Table 4](#t4-dddt-11-045){ref-type="table"}). Statistical parameters analyzed using the Minitab software are listed in [Table 5](#t5-dddt-11-045){ref-type="table"}. All *P*-values were \<0.05, indicating that the effects of the responses were statistically significant up to a 95% confidence level. Multiple regression analyses of the responses are expressed as squared correlation coefficient (*R*^2^), adjusted *R*^2^, and predicted *R*^2^ for validating the analysis.[@b34-dddt-11-045],[@b35-dddt-11-045] All the *R*^2^, adjusted *R*^2^, and predicted *R*^2^ values were \>94%, indicating satisfactory analysis quality. Substituting the regression coefficients, we derived model equations regarding the level of factors and responses as follows: $$\text{DE}_{\text{colon}}\left( \text{SCF} \right)\left( Y_{1} \right) = 36.13 + 23.79X_{1} - 22.79X_{2} - 11.02X_{1} \cdot X_{2}$$ $$\text{DE}_{\text{colon}}\left( \text{CTNase-SCF} \right)\left( Y_{2} \right) = 51.48 + 20.00X_{1} - 27.83X_{2} + 0.65X_{1} \cdot X_{2}$$ $$\text{CRD}_{\text{colon}}\left( Y_{3} \right) = 14.86 - 1.09X_{1} + 2.03X_{2} - 0.46X_{1} \cdot X_{2}$$

An important assumption for statistical analysis of data is a normal distribution.[@b36-dddt-11-045] As shown in [Figure 4](#f4-dddt-11-045){ref-type="fig"}, the normal probability plots for standardized residuals formed a straight line, indicating that the results of the experimental runs were distributed normally. The results of Student's *t*-test are illustrated in the Pareto charts to represent the relative importance of the individual and interaction effects. The vertical line in the Pareto chart was equal to 2.23, indicating the minimum statistically significant effect magnitude for 95% confidence level (*α*=0.05). All terms surpassed the critical value, and thus were considered to be statistically significant.

### Effect of independent variables on Y~1~ and Y~2~

[Figure 5](#f5-dddt-11-045){ref-type="fig"} showed that there were significant main and interaction effects of the polymer ratio of EE:EC (X~1~) and subcoating weight (X~2~). Increasing the polymer ratio of EE:EC from 1:2 to 2:1 significantly increased DE~colon~ (SCF) from 12% to 60%, while increasing the subcoating weight caused DE~colon~ (SCF) to drop from 59% to 14% ([Figure 5A](#f5-dddt-11-045){ref-type="fig"}). The negative effect of increasing EC ratio on DE~colon~ (SCF) may have been due to EC having no permeability or expandability in aqueous medium. The negative effect of increasing the subcoating weight also resulted from an increase in the amount of EC. Meanwhile, the polymer ratio of EE:EC and the subcoating weight produced significant interaction effects on the DE~colon~ (SCF) (*P*\<0.001) as shown in [Table 5](#t5-dddt-11-045){ref-type="table"} and [Figure 5B](#f5-dddt-11-045){ref-type="fig"}. If the lines of the interaction-effect plot are not parallel, it is an indication of interactions between the two factors.[@b36-dddt-11-045] The formulations with 7.5 mg CTN/EE/EC subcoating represented significantly higher increments of DE~colon~ (SCF) after increasing the EE:EC polymer ratio from 1:2 to 2:1 when compared with 30 mg CTN/EE/EC subcoated formulations. Therefore, at the low weight of CTN/EE/EC subcoating, DE~colon~ (SCF) was able to be easily controlled by the polymer ratio of EE:EC.

On the other hand, increasing the EE:EC polymer ratio from 1:2 to 2:1 significantly increased DE~colon~ (CTNase-SCF) from 31% to 71%, while increasing the subcoating weight resulted in a decrease in DE~colon~ (CTNase-SCF) from 80% to 22%. Under the same polymer ratio and subcoating-weight conditions, the response value of DE~colon~ (CTNase-SCF) was significantly higher than that of DE~colon~ (SCF). This might have been due to the fact that CTNase-induced digestion of CTN and microporous channel formation facilitated drug release, regardless of the addition of EC to CTN/EE subcoating. Meanwhile, it was clear that there was no significant interaction effect (*P*\>0.01) between polymer ratio and sub-coating weight on DE~colon~ (CTNase-SCF). This means that the EE:EC polymer ratio and the subcoating weight both affected DE~colon~ (CTNase-SCF) in a similar manner.

### Effect of independent variables on Y~3~

The main effects and interactions between the polymer ratio and subcoating weight are depicted in [Figure 5](#f5-dddt-11-045){ref-type="fig"}. In contrast with DE~colon~, increasing the polymer ratio of EE:EC from 1:2 to 2:1 significantly decreased CRDcolon from 16 to 13.7 hours, while increasing the subcoating weight caused CRDcolon to increase from 12.9 to 17 hours ([Figure 5A](#f5-dddt-11-045){ref-type="fig"}). However, the interaction effect between the polymer ratio and subcoating weight was minor (*P*=0.001). As the EE:EC polymer ratio was varied from 2:1 to 1:2, the formulations containing 30 mg CTN/EE/EC subcoating showed a slightly higher increment in CRDcolon when compared to the 7.5 mg CTN/EE/EC sub-coated formulations ([Figure 5B](#f5-dddt-11-045){ref-type="fig"}). This means that both the subcoating weight and the polymer ratio of EE:EC showed a synergistic effect, while the effect of the subcoating weight was more prominent. By increasing the subcoating weight from 7.5 mg to 30 mg, the amount of EC varied: 5--20 mg and 2.5--10 mg for 1:2 and 2:1 ratios, respectively. Therefore, we suggest that controlled release drug delivery could effectively be regulated by CTN/EE subcoating because of the impermeable property of EC.

### Optimized CTN/EE/EC subcoating

Independent variables were simultaneously optimized for responses by using the desirability function. In this study, Y~1~ was set to be minimized for targeting 25%, whereas Y~2~ and Y~3~ were set to be maximized for targeting 75% and 15 hours, respectively. The optimized EE:EC polymer ratio (X~1~) and the subcoating weight (X~2~) were 1:1.9 and 7.5 mg, respectively, with a corresponding desirability value of 0.71. The experimental values for all the responses were very close to the predicted values: 24.1% versus 27.6% for DE~colon~ (SCF), 60% versus 61.9% for DE~colon~ (CTNase-SCF), and 13.6 hours versus 13.4 hours for CRDcolon, respectively. This similarity proves that the 2-LFD method was accurate and reliable for optimizing CTN/EE/EC subcoating.

Dissolution profiles of the optimized DL-CDDS tablets composed of the inner core tablet (250 mg) containing CA 15 mg, the subcoating layer (7.5 mg) with CTN 1.5 mg, EE 6.4 mg, and EC 12.2 mg, and the outermost enteric coating layer (15 mg) are shown in [Figure 6](#f6-dddt-11-045){ref-type="fig"}. Drug release was not found in either SGF or SIF media. After replacement of the medium with CTNase-SCF, it showed a controlled-release pattern: approximately 40% at 10 hours and 92% at 24 hours, which was obviously different from the steep sigmoidal release pattern observed in CTN/EE subcoated formulations. In contrast, in SCF the drug-release rate was relatively low: approximately 10% at 10 hours and 42% at 24 hours. Therefore, we conclude that the optimized DL-CDDS could be an efficient platform that incorporates responsiveness to microflora activation in the colon, in addition to microclimate acidification.

Conclusion
==========

A CTN-based DL-CDDS was successfully designed as a novel platform for controlled drug delivery to the colon. The microclimate-acidification technique was employed by introducing CA to the core tablet, and the microflora activation by CTNase was attained using CTN-based polymeric subcoating. Polymeric composition in the ratio of EE:EC and the amount of subcoating were optimized using the 2-LFD method. Consequently, the optimized DL-CDDS showed drug release in a controlled manner by inhibiting drug release in the stomach and intestine, but releasing the drug gradually in the colon.
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![Stepwise illustration of DL-CDDS as a platform for colon targeting.\
**Notes:** (**A**) In the stomach, the outermost enteric coating layer inhibits drug release; (**B**) in the small intestine, the inner CTN-dispersed polymeric subcoating layer impedes drug release; (**C**) in the colon, water infiltrates the core tablet and dissolves CA, resulting in microclimate acidification and pore generation to some extent; (**D**) in the latter part of the colon, under the influence of microflora, such as CTNase, a number of microporous channels are formed by enzymatic CTN digestion, thus facilitating drug release.\
**Abbreviations:** DL-CDDS, double layer-coated colon-specific drug delivery system; CTN, chitosan; CTNase, chitosanase.](dddt-11-045Fig1){#f1-dddt-11-045}

![Dissolution characteristics of various formulations.\
**Notes:** (**A**) Effect of amount of enteric coating; (**B**) effect of amount of CTN/EE subcoating; (**C**) effect of amount of CA in core tablet and presence of CTNase in SCF. Error bars denote standard deviation (n=3).\
**Abbreviations:** CA, citric acid; CTN, chitosan; CTNase, chitosanase; EE, Eudragit E100; LXP, loxoprofen sodium; SCF, simulated colonic fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; CA0, citric acid-free tablet; CA15, CA 15 mg; CA30, CA 30 mg.](dddt-11-045Fig2){#f2-dddt-11-045}

![Comparison for dissolution efficiency of various formulations.\
**Notes:** \**P*\<0.05. Error bars denote standard deviation (n=3).\
**Abbreviations:** CA, citric acid; CTN, chitosan; CTNase, chitosanase; DE, dissolution efficiency; DE~colon~, DE in the colon; EE, Eudragit E100; SCF, simulated colonic fluid; CA0, citric acid-free tablet; CA15, CA 15 mg; CA30, CA 30 mg.](dddt-11-045Fig3){#f3-dddt-11-045}

![Normal probability plots of the standardized residual (**A**) and Pareto charts of the standardized effect (**B**).\
**Notes:** X~1~, polymer composition; X~2~, amount of subcoating; Y~1~, dissolution efficiency in simulated colonic fluid; Y~2~, dissolution efficiency in chitosanase-supplemented simulated colonic fluid; Y~3~, controlled-release duration in the colon.](dddt-11-045Fig4){#f4-dddt-11-045}

![Main effect plot (**A**) and interaction plot (**B**).\
**Notes:** X~1~, polymer composition; X~2~, amount of subcoating; Y~1~, dissolution efficiency in simulated colonic fluid; Y~2~, dissolution efficiency in chitosanase-supplemented simulated colonic fluid; Y~3~, controlled-release duration in the colon.](dddt-11-045Fig5){#f5-dddt-11-045}

![Dissolution profile of the optimized DL-CDDS.\
**Note:** Error bars denote standard deviation (n=3).\
**Abbreviations:** CTNase, chitosanase; DL-CDDS, double layer-coated colon-specific drug delivery system; LXP, loxoprofen sodium; SCF, simulated colonic fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid.](dddt-11-045Fig6){#f6-dddt-11-045}

###### 

Composition of various DL-CDDS formulations

  Ingredient (mg/tablet)                                       CA-free DL-CDDS   CA-supplemented DL-CDDS                                                   
  ------------------------------------------------------------ ----------------- ------------------------- ----- ------ ------ ------ ------ ------ ------ ------
  Core tablet                                                                                                                                              
   LXP                                                         60                60                        60    60     60     60     60     60     60     60
   Lactose                                                     145               145                       145   145    145    145    130    130    115    115
   L-HPC                                                       25                25                        25    25     25     25     25     25     25     25
   Povidone                                                    8                 8                         8     8      8      8      8      8      8      8
   Croscarmellose sodium                                       7                 7                         7     7      7      7      7      7      7      7
   Colloidal silicon dioxide                                   1                 1                         1     1      1      1      1      1      1      1
   Magnesium stearate                                          4                 4                         4     4      4      4      4      4      4      4
   CA                                                          --                --                        --    --     --     --     15     15     30     30
   Subtotal                                                    250               250                       250   250    250    250    250    250    250    250
  Subcoating[a](#tfn1-dddt-11-045){ref-type="table-fn"}                                                                                                    
   EE                                                          10.8              9.3                       7.8   21.6   18.6   15.6   18.6   15.6   18.6   15.6
   CTN                                                         0                 1.5                       3     0      3      6      3      6      3      6
   Triethyl citrate                                            0.6               0.6                       0.6   1.2    1.2    1.2    1.2    1.2    1.2    1.2
   Talc                                                        3.6               3.6                       3.6   7.2    7.2    7.2    7.2    7.2    7.2    7.2
   Subtotal                                                    15                15                        15    30     30     30     30     30     30     30
  Enteric coating[b](#tfn2-dddt-11-045){ref-type="table-fn"}   15                15                        15    15     15     15     15     15     15     15
   Total                                                       280               280                       280   295    295    295    295    295    295    295

**Notes:**

CTN/EE subcoating was further modified with EC addition, designated as CTN/EC/EE coating;

the layered enteric coating was maintained with 6% of the core tablet weight, composed of EL, triethyl citrate, and talc (6:0.5:1 in weight ratio).

**Abbreviations:** CA, citric acid; CTN, chitosan; DL-CDDS, double layer-coated colon-specific drug delivery system; EC, ethyl cellulose; EE, Eudragit E100; EL, Eudragit L100-55; L-HPC, low-substituted hydroxypropyl cellulose; LXP, loxoprofen sodium; CA0, citric acid-free tablet; CA15, CA 15 mg; CA30, CA 30 mg.

###### 

Variables used in the 2-LFD method

  Variables                          Levels                     
  ---------------------------------- ------------- ------------ -------------
  X~1~ : EE:EC ratio (w/w)           1:2           1:1          2:1
  X~2~ : Subcoating weight (mg)      7.5           18.75        30
                                                                
  **Response variables**             **Minimum**   **Target**   **Maximum**
                                                                
  Y~1~: DE~colon~ (SCF) (%)          --            25           50
  Y~2~: DE~colon~ (CTNase-SCF) (%)   50            75           --
  Y~3~: CRD~colon~ (hours)           5             15           --

**Abbreviations:** CRD, controlled-release duration; CRD~colon~, CRD in the colon; CTNase, chitosanase; DE, dis solution efficiency; DE~colon~, DE in the colon; EC, ethyl cellulose; EE, Eudragit E100; 2-LFD, two-level factorial design; SCF, simulated colonic fluid.

###### 

Physical properties of core tablets

  Core tablet   Diameter (mm)   Thickness (mm)   Weight (mg)   Drug content (%)   Hardness (kg/cm^2^)   Friability (%)
  ------------- --------------- ---------------- ------------- ------------------ --------------------- ----------------
  CA0           8.92±0.02       3.85±0.01        250.2±0.6     100.3±0.15         7.7±0.3               0.11±0.04
  CA15          8.91±0.04       3.91±0.07        251.3±1.1     101.8±0.95         8.1±0.1               0.06±0.04
  CA30          8.91±0.03       3.87±0.04        250.9±0.7     99.96±0.56         8.4±0.5               0.08±0.02

**Note:** Data presented as mean ± standard deviation (n=3).

**Abbreviations:** CA0, citric acid-free tablet; CA15, CA 15 mg; CA30, CA 30 mg.

###### 

Experimental design and responses observed from randomized runs in the 2-LFD method

  Mixture number   Formulation composition   Response measured                 
  ---------------- ------------------------- ------------------- ------ ------ ------
  1                1:2                       7.5                 23.5   59.1   14
  2                2:1                       7.5                 91.4   98.4   12.3
  3                1:2                       30                  0.5    2.7    18.5
  4                2:1                       30                  26     45     15
  5                1:2                       7.5                 25.4   60.7   13.2
  6                2:1                       7.5                 96.2   100    11.8
  7                1:2                       30                  0.5    2.9    18.8
  8                2:1                       30                  27.6   44.5   15.5
  9                1:2                       7.5                 23.4   60.1   13.2
  10               2:1                       7.5                 93.6   97.6   12.5
  11               1:2                       30                  0.7    3.4    18
  12               2:1                       30                  24.7   43.4   15.5
  13               1:1                       18.75               28.9   45.1   14
  14               1:1                       18.75               26.7   44.8   14.5
  15               1:1                       18.75               27.1   44.6   14.6

**Notes:** X~1~, polymer composition; X~2~, amount of subcoating; Y~1~, dissolution efficiency in simulated colonic fluid; Y~2~, dissolution efficiency in chitosanase-supplemented simulated colonic fluid; Y~3~, controlled-release duration in the colon.

**Abbreviation:** 2-LFD, two-level factorial design.

###### 

Estimated effects and coefficients

  Terms                                                                          Regression coefficient   Standard-error coefficient   *t*-Value   *P*-value
  ------------------------------------------------------------------------------ ------------------------ ---------------------------- ----------- -----------
  DE~colon~ (SCF) (%; Y~1~)[a](#tfn10-dddt-11-045){ref-type="table-fn"}                                                                            
   Constant                                                                      36.13                    0.4191                       86.19       0.000
   X~1~                                                                          23.79                    0.4191                       56.76       0.000
   X~2~                                                                          −22.79                   0.4191                       −54.38      0.000
   X~1~·X~2~                                                                     −11.02                   0.4191                       −26.31      0.000
  DE~colon~ (CTNase-SCF) (%; Y~2~)[b](#tfn11-dddt-11-045){ref-type="table-fn"}                                                                     
   Constant                                                                      51.48                    0.224                        229.86      0.000
   X~1~                                                                          20                       0.224                        89.29       0.000
   X~2~                                                                          −27.83                   0.224                        −124.27     0.000
   X~1~·X~2~                                                                     0.65                     0.224                        2.9         0.016
  CRD~colon~ (h; Y~3~)[c](#tfn12-dddt-11-045){ref-type="table-fn"}                                                                                 
   Constant                                                                      14.86                    0.1075                       138.22      0.000
   X~1~                                                                          −1.09                    0.1075                       −10.16      0.000
   X~2~                                                                          2.03                     0.1075                       18.84       0.000
   X~1~·X~2~                                                                     −0.46                    0.1075                       −4.26       0.002

**Notes:** X~1~, polymer composition; X~2~, amount of subcoating.

*R*^2^=99.86%, predicted *R*^2^=97.92%, adjusted *R*^2^=97.39%;

*R*^2^=99.96%, predicted *R*^2^=98.79%, adjusted *R*^2^=99.94%;

*R*^2^=97.96%, predicted *R*^2^=94.46%, adjusted *R*^2^=97.14%.

**Abbreviations:** CRD, controlled-release duration; CTNase, chitosanase; DE, dissolution efficiency; DE~colon~, DE in the colon; SCF, simulated colonic fluid.

[^1]: These authors contributed equally to this work
